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ABSTRACT

Sepsis and sepsis-induced lung injury remain a leading cause of
death in intensive care units. We identified protein kinase C-6
(PKC9) as a critical regulator of the acute inflammatory response
and demonstrated that PKC$ inhibition was lung-protective in
a rodent sepsis model, suggesting that targeting PKCé is
a potential strategy for preserving pulmonary function in the
setting of indirect lung injury. In this study, whole-body organ
biodistribution and pulmonary cellular distribution of a trans-
activator of transcription (TAT)-conjugated PKCS§ inhibitory
peptide (PKCS-TAT) was determined following intratracheal (IT)
delivery in control and septic [cecal ligation and puncture (CLP)]
rats to ascertain the impact of disease pathology on biodis-
tribution and efficacy. There was negligible lung uptake of
radiolabeled peptide upon intravenous delivery [<1% initial
dose (ID)], whereas IT administration resulted in lung retention

of >65% ID with minimal uptake in liver or kidney (<2% ID). IT
delivery of a fluorescent-tagged (tetramethylrhodamine-PKC§-
TAT) peptide demonstrated uniform spatial distribution and
cellular uptake throughout the peripheral lung. IT delivery of
PKCS-TAT at the time of CLP surgery significantly reduced PKC6
activation (tyrosine phosphorylation, nuclear translocation and
cleavage) and acute lung inflammation, resulting in improved
lung function and gas exchange. Importantly, peptide efficacy
was similar when delivered at 4 hours post-CLP, demonstrating
therapeutic relevance. Conversely, spatial lung distribution and
efficacy were significantly impaired at 8 hours post-CLP, which
corresponded to marked histopathological progression of lung
injury. These studies establish a functional connection between
peptide spatial distribution, inflammatory histopathology in the
lung, and efficacy of this anti-inflammatory peptide.

Introduction

Sepsis and associated multiple organ failure remain a lead-
ing cause of death in intensive care units (Stevenson et al.,
2014). The lung is susceptible to systemic inflammation,
leading to an acute lung injury. The action of circulating
mediators, activated leukocytes, and pathogens induces pul-
monary vascular inflammation and elevated neutrophil in-
flux, causing indirect acute inflammatory lung injury (Perl
et al., 2011), which can develop into acute respiratory distress
syndrome (ARDS) (Matthay and Zemans, 2011; Ranieri et al.,
2012). Despite improvements in clinical management,
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mortality rates above 40% persist (Villar et al., 2014), and
there are no specific pharmacologic therapeutics for the
treatment of ARDS (Iskander et al., 2013; Deutschman and
Tracey, 2014). The systemic inflammatory response initiated
during sepsis presents a myriad of proinflammatory media-
tors that activate multiple overlapping and redundant mech-
anisms. One potential approach in therapeutic design is to
target common control signaling points which are activated by
diverse signals (Gaestel et al., 2009; Cohen, 2009; Muller and
Knapp, 2010).

Protein kinase C-8 (PKC9) is activated by mediators in-
volved in the septic response, including endotoxin, tumor
necrosis factor, and interleukin-13 (Page et al., 2003;
Kilpatrick et al., 2010; Mondrinos et al., 2013), functioning to
integrate proinflammatory activities in pulmonary epithelial
cells, endothelial cells, macrophages, and circulating leukocytes
during acute lung inflammation (Mondrinos et al., 2013).
Inflammatory pathologies such as ischemia-reperfusion (Chou
et al., 2004) and endotoxin-induced lung injury (Chichger et al.,

ABBREVIATIONS: Ag5, aquaporin-5; ARDS, acute respiratory distress syndrome; CLP, cecal ligation and puncture; ID, initial dose; IT,
intratracheal; MPO, myeloperoxidase; °°™Tc, technetium radioisotope; PBS, phosphate-buffered saline; PKC, protein kinase C; pPKC,
phosphorylated PKC; TAT, transactivator of transcription; TMR, 5,6-carboxytetramethylrhodamine.
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2012) are attenuated in PKC5 /" mice. We have shown that
selective PKCS inhibition attenuates acute lung inflamma-
tion, reduces alveolar-capillary permeability and pulmonary
edema, and preserves lung architecture in a rat model of
sepsis-induced acute lung injury (Kilpatrick et al., 2011,
Mondrinos et al., 2014). Therefore, targeting PKCS is a poten-
tial strategy for the treatment of indirect acute inflammatory
lung injury.

Although a proinflammatory role for PKCS has been
established, less is known about how PKCé is activated during
the systemic inflammatory response. PKCS§ is regulated by
phosphorylation patterns, subcellular translocation, and en-
zyme cleavage in a context-dependent manner (Kronfeld et al.,
2000; Steinberg, 2004, 2008; Qvit and Mochly-Rosen, 2014).
Two important tyrosine phosphorylation sites are PKCé§
Tyr155, which is critical for nuclear translocation, and PKCé
Tyr311, which regulates enzyme cleavage and enhanced
catalytic activity, alterations associated with proinflamma-
tory signaling, and cytotoxic/apoptotic pathways (Humphries
etal., 2008; Zhao et al., 2012). The phosphorylation patterns of
pulmonary PKC6 during sepsis-induced acute lung injury are
not known.

Intratracheal (IT) instillation of therapeutics is a commonly
used delivery route in models of lung disease, as it produces
a localized pulmonary effect (MacIntyre, 2001; Cheong et al.,
2010). As a caveat, delivery of macromolecular therapeutics
such as peptides to the lung interstitium and endothelium
requires traversing of the pulmonary epithelial barrier,
thereby necessitating the use of a “carrier” moiety. The
trans-activator of transcription (TAT) peptide of human
immunodeficiency virus-1 has cell-penetrating properties
and the ability to deliver cargo to multiple organs (Schwarze
et al., 1999). The protein transduction properties of this
peptide have been exploited to facilitate intracellular delivery
of a myriad of agents (Torchilin et al., 2001; Vives et al., 2003;
Begley et al., 2004; Kleemann et al., 2005; Cai et al., 2006;
Moschos et al., 2007; Nguyen et al., 2008; Qin et al., 2012; Bai
et al., 2015).

In the current study, we examined whole-body regional
biodistribution, global organ uptake, and spatial distribution
on the cellular level within the lung parenchyma of a TAT-
conjugated PKC6 inhibitory peptide (PKCS-TAT) following IT
delivery in control and septic rats. This well characterized
inhibitor targets PKCd-specific protein-protein interactions
and modulates subcellular localization and activity of PKCé§
(Chen et al., 2001; Qvit and Mochly-Rosen, 2014). This peptide
exhibits low toxicity and is well tolerated in animal models at
doses >1 mg/kg/day (Qi et al., 2008). Furthermore, in a phase
I/1I clinical trial to test safety and efficacy, no adverse events
were reported following intracoronary injections of the PKCs-
TAT peptide in patients (up to 5 mg/patient) undergoing
percutaneous coronary intervention (Bates et al., 2008;
Churchill et al., 2008).

Systemic and cellular distribution of this or similar peptides
in the lung following IT delivery has not been reported
previously. Little is known about PKC6 activation in the lung
in response to indirect pulmonary injury and the impact of the
PKCS-TAT inhibitor on PKC8 phosphorylation, translocation,
and activation. Finally, there is a poor understanding of how
pathologic progression of lung injury influences biodistribu-
tion and, consequently, efficacy. We sought to establish
a functional connection between peptide spatial distribution

in the lung and anti-inflammatory efficacy of this peptide
inhibitor in the context of sepsis progression and development
of indirect pulmonary injury.

Materials and Methods

PKCé Inhibitory Peptide Synthesis. As previously described
(Kilpatrick et al., 2011), PKCS activity was selectively inhibited by
a peptide antagonist (6V1.1 PKC-Tat peptide) that consists of
a sequence derived from the first unique region (V1) of PKC§
(SFNSYELGSL: amino acids 8-17) coupled via an N-terminal Cys-Cys
disulfide bond to a membrane permeant peptide sequence in the
human immunodeficiency virus TAT protein (YGRKKRRQRRR:
amino acids 47-57 of TAT) (Chen et al., 2001). The PKCS-TAT peptide
was also synthesized with a fluorescent tag (5,6-carboxytetramethylr-
hodamine [TMR]) at a noncritical site on the inhibitor portion of the
peptide complex (Mimotopes, Melbourne, Australia). For radiolabel-
ing studies, technetium radioisotope (°®™Tc) was attached to the
PKCS-TAT peptide utilizing hydrazine nicotinamide chemistry as
described previously (Knight et al., 2007).

Animal Protocols. All animal handling and care adhered to
National Institutes of Health standards and were approved by the
Institutional Animal Care and Use Committee at Temple University
School of Medicine. Male Sprague-Dawley rats (300-350 g; Charles
River, Boston, MA) were used in all experiments. Rats were accli-
mated for at least 1 week in a climate-controlled facility and given free
access to food and water.

Cecal Ligation and Puncture Model. Sepsis wasinduced by the
cecal ligation and puncture (CLP) method as described previously
(Rittirsch et al., 2009; Kilpatrick et al., 2011; Mondrinos et al., 2014).
Sham controls underwent a laparotomy without cecal ligation or
puncture. Following CLP or sham surgery, the abdominal incision was
closed and the animals were orally intubated with a 16-gauge
intravenous cannula. The animals were then maintained with
mechanical ventilation (for short-term nonsurvival distribution
experiments) or instilled with peptide or vehicle [phosphate-buffered
saline (PBS)] and allowed to recover (for therapeutic experiments). For
delayed delivery/treatment experiments, animals were orally intu-
bated at either 4 or 8 hours following CLP or sham surgery and
maintained with or without mechanical ventilation for distribution
and therapeutic experiments, respectively. Postoperative pain was man-
aged by injection of 2 mg/kg bupivacaine (Marcaine, Hospira Inc., Lake
Forest, IL) at the incision site prior to surgery, then every 8-12 hours
postoperatively until euthanasia. Normal saline solution (50 ml/kg)
was injected subcutaneously in all groups for fluid resuscitation.

Biodistribution Studies. Animals were anesthetized with iso-
flurane, then orally intubated and ventilated with a tidal volume of
6 ml/kg (Rose et al., 2014; Sutherasan et al., 2014). The ventilation
circuit was fit with a T-piece that allowed for direct insertion of
a 23-gauge needle into the intubation cannula hub for intratracheal
peptide instillation of between 50 and 500 ug/kg in sample volumes of
between 200 and 600 ul. For intravenous delivery, the peptide was
administered through a tail vein. All biodistribution experiments were
carried out for 30 minutes following peptide instillation.

For %°™T¢ (radiolabel) studies, to analyze movement of radiolabeled
peptide in real time, the instillation was performed with the animal
lying supine on the detector face of a gamma camera. The camera
(Maxicamera; Genera; Electric Medical Systems, Milwaukee, WI) was
interfaced to a digital image collection system (NucLear Power;
Scientific Imaging, Crested Butte, CO) and was fitted with a Low
Energy All Purpose collimator. The energy discriminator was set for
the 140-keV photopeak of *™T¢ with a 10% window. Static images of
10-minute durations were collected in a 256 x 256 word mode matrix,
beginning with labeled peptide (30-50 uCi of **™Tc) administration
and sequentially without interruption during a 30-minute period of
distribution. Following the 30-minute distribution period, the animal
was euthanized and tissues, including lungs, heart, liver, kidneys,
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spleen, skeletal muscle, fat, and blood, were harvested and weighed,
then counted (Wizard 1480 counter; PerkinElmer, Waltham, MA)
along with diluted standards of the administered dose. The raw counts
for each organ were converted to the percentage of initial dose (ID) to
quantify %°™Tc-PKCS-TAT biodistribution. For TMR (fluorescent tag)
studies, peptide instillation and the biodistribution period were
performed similarly, with the lungs cleared by vascular perfusion
with heparinized saline solution, fixed and harvested (along with liver
and kidney) as described later.

Efficacy Studies. Animals were randomized to receive PBS
vehicle or the PKCS-TAT inhibitory peptide at 50, 200, or 500 ug/kg
in 400 ul of PBS. Sham-operated animals were also orally intubated
and 400 ul of PBS delivered. For lung homogenate analysis [myelo-
peroxidase (MPO) activity assay as described later], lungs were
cleared by vascular perfusion with heparinized saline solution,
followed by dissection and snap freezing in liquid nitrogen.

Lung Fixation, Processing for Histology. Under continued
anesthesia and mechanical ventilation, the thorax was opened and the
lungs were fixed by vascular perfusion according to standard protocols
(Fehrenbach et al., 1999) or by gravity fixation intratracheally as
previously described (Mondrinos et al., 2014). Lung tissue samples
were obtained from different locations in the left and right lung to
assess the uniformity of delivered peptide distribution. Lung tissue
was paraffin-embedded, cut into 5- to 10-um sections, H&E stained,
and stained with specific antibodies for immunohistochemistry as
described previously (Mondrinos et al., 2014).

Lung Injury Scoring. Morphologic analysis of random fields (n = 3)
from each section (minimum of n = 9 animals/group) was performed by
a blinded investigator. Acute lung injury was scored based on the
following parameters: 1) alveolar capillary congestion, 2) hemorrhage
in the airspaces, 3) infiltration or aggregation of leukocytes in
airspaces or vessel walls, and 4) thickness of the alveolar wall. The
severity of each parameter was graded from 0 to 4 using the following
convention: 0, no or little damage; 1, less than 25% damage; 2, 25-50%
damage; 3, 50-75% damage; and 4, more than 75% damage. The
average sum of all four lung injury parameters was compared among
groups.

Immunohistochemistry. Antigen retrieval was achieved by boil-
ing slides for approximately 10 minutes in citrate buffer, pH 6.0
(Mondrinos et al., 2014). Following antigen retrieval steps, slides were
blocked with 3% bovine serum albumin for 1 hour. The sections were
then incubated with rabbit polyclonal antibodies at dilutions of 1:40
for pPKC8-311 (Cell Signaling Technology, Danvers, MA) and pPKCS$-
155 (Santa Cruz Biotechnology, Dallas, TX) and 1:100 for pan-PKCs
(Santa Cruz Biotechnology) for 2—4 hours at room temperature.
Secondary detection was performed using Alexa594-conjugated
chicken anti-rabbit secondary antibody (Life Technologies, Grand
Island, NY) diluted 1:500 with 4’,6-diamidino-2-phenylindole included
for nuclear counterstaining. For staining of CD68 (mouse monoclonal,;
Thermo Fisher Scientific, Waltham, MA), CD31 (rabbit polyclonal;
Abcam, Cambridge, MA), and aquaporin-5 (goat polyclonal; Abcam) in
lung sections from animals instilled with TMR-PKCS-TAT to assess
pulmonary cellular distribution, antigen retrieval had to be omitted
due to loss of TMR fluorescence upon heating/boiling. As a conse-
quence, primary antibody incubations were performed overnight
in a humidified chamber at 4°C [1:50 for CD31, 1:50 for CD68, 1:50
for aquaporin-5 (Ag5)]. Secondary detection was performed with
Alexa488-conjugated anti-goat and anti-mouse IgG (Life Technolo-
gies). Negative controls were processed by omitting the primary
antibody in the protocol. Photomicrographs were taken using a fluo-
rescence microscope equipped with a SPOT camera and image
acquisition software (Spot Imaging Solutions).

MPO Activity Assay. Units of MPO enzymatic activity in lung
tissue homogenates were measured as previously described (Salter
et al., 2001), with modifications for use in a 96-well plate format. In
brief, lung tissue was homogenized in freshly prepared lysis buffer
(0.5% hexadecyltrimethyl ammonium bromide in 50 mM potassium
phosphate buffer) at a ratio of 0.1 g of wet tissue weight per milliliter of

lysis buffer. Homogenates were cleared by centrifugation at 13,362 x g
for 15 minutes at 4°C and placed on ice. On a per-well basis, the
reaction mixture contained 284 ul of 50 mM potassium phosphate
buffer, 3 ul of H,O5, and 3 ul of 20 mg/ml o-dianisidine added to 10 ul of
sample to initiate the reaction (300 ul total volume per well).
Absorbance (460 nm) was measured over a 5-minute time course,
and units of MPO activity were quantified using a standard curve.

Image Analysis. To establish a metric for PKCS§ activation, a ratio
of average pixel areas for PKCS phosphorylated at the tyrosine 311
residue (pPKC831,) to total PKCS was calculated. The pixel area for
pan-PKC$§ accounts for increased cellularity, i.e., numbers of PKCS-
expressing cells, thereby normalizing the measured pixel area of
pPKCd31; in relation to cellular infiltration. The number of pixels with
fluorescence above the set threshold was then measured in ImagedJ
(National Institutes of Health, Bethesda, MD) using the area calcu-
lation feature. For normalization of TMR-PKCS-TAT fluorescence in
lung tissue sections, the measured pixel area of TMR fluorescence for
sham-operated surgery at each time point (4, 8, and 24 hours post-
CLP) was set equal to 1. For all image analyses, four animals per
experimental group were analyzed, with at least two slides per animal
and a minimum of 10 randomly positioned fields per slide, for
a minimum of 80 images analyzed per experimental group.

PKCé Translocation. PKCS translocation to nuclear fractions
was determined in lung tissue homogenates using a Subcellular
Protein Fractionation Kit for Tissues (Thermo Fisher Scientific,
Waltham, MA). In brief, 100 mg of lung tissue was homogenized in
tissue lysis buffer containing protease inhibitors and the nuclear
fraction isolated according to the manufacturer’s instructions. Sam-
ples for Western blot analysis were prepared by mixing an aliquot of
the nuclear extracts with 4x sample buffer and heating for 5 minutes
at 95°C. Purity of nuclear fractions was routinely determined by
probing fractions for cytoplasmic (lactate dehydrogenase) and nuclear
(HDAC-2) markers.

Nuclear proteins (30 ug/lane) were separated on 4-12% SDS-PAGE
gels and transferred to nitrocellulose membranes as described pre-
viously (Mondrinos et al., 2014). PKCé nuclear translocation was
determined by immunoblotting using a pan-PKC§ antibody (Santa
Cruz Biotechnology). Translocation of PKCS to the nucleus was
quantitated by densitometry analysis of Western blots with Imaged
software version 1.46r (National Institutes of Health), and the values
were expressed in arbitrary densitometry units.

PKCé Cleavage. Whole-cell extracts were prepared from lung
tissue for full-length and cleaved PKCS detection as described pre-
viously (Kilpatrick et al., 2011). In brief, an aliquot (0.15 g) of frozen
lung tissue was homogenized in 3 ml of buffer containing 10 mM Hepes
(pH 7.4), 150 mM NaCl, 5 mM EDTA, 1 mM Na-orthovanadate, 20 uM
4-(2-aminoethyl)-benzenesulfonyl fluoride, 1% Triton X-100, 5 ug/ml
leupeptin, and phosphatase inhibitor cocktail and protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO). Protein concentrations of the
cell lysates were determined by the bicinchoninic acid protein assay
kit, according to the manufacturer’s instructions (Thermo Scientific,
Rockford, IL). Proteins (30 ug/lane) were separated on 4-12% SDS-
PAGE gels and transferred to nitrocellulose membranes. Full-length
and cleaved PKCS were determined by Western blotting using an
antibody directed against the C terminus of PKCS§ (sc-937; Santa Cruz
Biotechnology). Equal protein loading was confirmed by reprobing
membranes with a B-actin antibody. PKCS cleavage was quantitated
by densitometry analysis of Western blots as described earlier.

Lung Function. At 24 hours after sham or CLP surgery, rats were
anesthetized, supported with 100% inspired oxygen, and arterial
blood samples were obtained. PaO, and PaCOy were measured by
a blood gas analyzer (ABL 835; Radiometer, Copenhagen, Denmark).
Alveolar-arterial oxygen differences A-aDOg an important indicator of
pulmonary gas exchange efficiency and intrapulmonary shunt, was
calculated as A-aDO, (mm Hg) = [PiOy—(PaC05/0.8)] —PaOs,.

Statistics. Results are expressed as means + S.E.M. Data were
analyzed by one-way analysis of variance for multiple comparisons,
followed by Student’s ¢ test for individual comparisons. The
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Tukey-Kramer multiple comparisons post-test was used to evaluate
the significance between experimental groups if analysis of variance
indicated a significant difference; differences were considered signif-
icant when P < 0.05, with additional degrees of significance assigned
for P < 0.01 and P < 0.001.

Results

Organ Biodistribution of ?9™Tc-Tagged PKC5-TAT
Peptide. Organ biodistribution was determined by injecting
99mme _PKCS-TAT peptide inhibitor i.v. or IT at a dose of
500 pg/kg in a 400-ul delivery volume. Examination of whole-
body distribution of %°™Tc -PKCS-TAT following i.v. (tail vein)
delivery versus IT delivery revealed dramatic differences in
whole-body distribution (Fig. 1A). There was no evidence of
lung uptake in animals that received i.v. delivery; rather, the
liver, kidneys, and bladder were clearly visible, as was a clear
silhouette of the entire body, indicative of distribution and
uptake in the peripheral tissues (Fig. 1A, left). By contrast,
focal lung uptake and retention were observed in animals that
received IT delivery, with no appreciable uptake visible in
distant organs or the peripheral tissues (Fig. 1A, right).

Analysis of peptide uptake in organs 30 minutes post-
injection revealed only 0.56 = 0.06% ID in the lungs following
tail vein injection of the ®*™Tc -PKCS-TAT peptide compared
with 68.45 = 6.6% ID following IT delivery of the same dose/

A Intravenous Intratracheal
cannula
liver. hub
kidneys
bladde,
B Intratracheal vs. Intravenous Delivery
80 [ F*x OIT 500 pglkg
70 :_l_ OlVv 500 pg/kg
60
50
40
30
20 _ Pﬂss ﬁ L
B I D T =
o L ool |
Lungs Blood Liver Kidneys Muscle Trachea

Fig. 1. Comparison of global °®Tc-PKCS-TAT biodistribution following
i.v. (tail vein) versus IT delivery of 500 ug/kg in 400 ul. (A) Gamma camera
images; °*™T¢ signal is seen as black in panels. Liver, kidneys, and bladder
are labeled in the intravenous panel. The lungs and signal from the
endotracheal cannula hub are labeled in the intratracheal panel.
Approximate outlines of the rat bodies are shown as a lined perimeter.
(B) Percentage of ID for lung, blood, liver, kidney, skeletal muscle, and
trachea for IT delivery (gray bars) and i.v. delivery (white bars). Data are
expressed as means * S.E.M. (n = 4 rats/group). *P < 0.05; **P < 0.01;
##kP < 0.001. ns, not significant.
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volume (P < 0.001; Fig. 1B). Peptide uptake in the liver
increased from 1.96 * 0.58% ID for IT to 10.8 = 2.1% ID fori.v.
(P = 0.056). Peptide uptake was also significantly increased
following i.v. administration as compared with IT delivery for
kidney (1.4 = 0.55% ID for IT to 12.7 = 0.8% ID for i.v.; P <
0.01) and skeletal muscle (3.5 = 0.85% ID for IT to 7.9 + 0.9%
ID for i.v.; P < 0.05). The only organ/tissue other than the
lungs with higher % ID upon IT versus i.v. delivery was the
trachea (P < 0.05; Fig. 1B). At 30 minutes after **®Tc -PKCS§-
TAT administration, there was a nonsignificant increase in
the amount of peptide present in the blood compartment from
49+ 4.1%1ID for IT to 7.6 = 1.2% ID for i.v. delivery (Fig. 1B).
Negligible amounts (<1% ID) of peptide were recovered from
the heart and spleen in both cases (data not shown).

Comparing the total uptake for IT versus i.v. delivery
showed that IT delivery facilitates greater than 100-fold
enhancement in lung-targeting specificity while concomi-
tantly reducing the total peptide present in the blood by
approximately 35% and that taken up in the liver and kidneys
by greater than 80% (Table 1). Comparing total organ uptake
in relation to lung uptake for IT versus i.v. delivery showed
that, following IT delivery, the blood contains approximately
7% of the total peptide present in the lung, whereas liver,
kidney, and skeletal muscle all contain less than 5% of the
peptide measured in the lung (Table 1). By contrast, i.v.
delivery results in a greater than 10-fold increase relative to
the amount of peptide in the lung for blood, liver, kidneys, and
skeletal muscle (Table 1).

Effect of Volume/Dose on Lung Retention. To estab-
lish an optimal volume for delivery of the peptide at doses
between 50 and 500 pg/kg, IT delivery of ®*™Tc-PKCS-TAT
was tested in volumes of 200, 400, and 600 ul, volumes well
tolerated by rats of this size (Driscoll et al., 2000). The
percentage of ID delivered was used to assess lung retention
(Fig. 2A). At a dose of 50 ug/kg, there were no significant
differences in organ distribution for all volumes tested. At the
higher peptide concentration (500 ug/kg), lung retention was
similar at the 400- and 600-ul volumes but was significantly
reduced when the peptide was administered in the smaller
volume (200 ul) (Fig. 2A; P < 0.05). Greater leakage from the
lung observed for 500 ug/kg in 200 ul was reflected in elevated
blood levels (Fig. 2B; P < 0.05) and increased uptake in the
liver (Fig. 2C; P < 0.05) relative to 50 ug/kg in 200 ul. At 500
ug/kg, peptide levels in the blood and liver uptake were
elevated for a 200-ul delivery volume compared with both
400 and 600 wl (Fig. 2, B and C; P < 0.05), whereas the
increase in kidney uptake at 200 wl was only significant

TABLE 1
Organ-targeting specificity for IT versus i.v. delivery of ®*™Tc-PKCS§-
TAT

The IT-to-i.v. ratio equals %ID IT/%ID i.v. for each organ. The organ-to-lung ratio
equals %ID organ/%ID lung for IT and i.v. Data are calculated from the mean values
of %ID data shown in Fig. 1.

Organ-to-Lung Ratio

Organ IT-to-IV Ratio
IT iv.
Lungs 123 1 1
Blood 0.65 0.07 13.5
Liver 0.18 0.03 19.2
Kidneys 0.11 0.02 22.6
Skeletal muscle 0.44 0.05 14.1
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Fig. 2. Percentage of ID of %™Tc-PKCS-TAT in the lungs (A), blood (B),
liver (C), and kidneys (D) of normal rats (see Materials and Methods)
at 30 minutes following IT delivery of 50 or 500 ug/kg in volumes of
200(black bars), 400(gray bars), and 600 ul (white bars). Data are ex-
pressed as means = S.E.M. (n = 4 rats/group). *P < 0.05; **P < 0.01, with
bars indicating individual comparisons.

compared with 400 ul (Fig. 2D; P < 0.05). Over the range of
50-500 ug/kg, a 400-ul delivery volume facilitated the great-
est lung retention and lowest uptake in other organs.

99mTe.PKCS-TAT Pulmonary Lobe Distribution
Trends. To examine the distribution of **Tc-PKCS-TAT
across the five pulmonary lobes, the ™Tc content was
determined in each lobe separately, allowing for calculation
ofthe total lung count percentages for each lobe (Table 2). Only
the accessory lobe (the most inferior of the right lung lobes)
had significantly different total count percentages for 50
versus 500 ug/kg delivered in 400 ul.

Intratracheal Delivery of PKC6-TAT Attenuates
Sepsis-Induced Lung Inflammation. We next assessed
the anti-inflammatory effects of the PKCS-TAT peptide over
the concentration range of 50-500 ug/kg. Intra-abdominal
sepsis produces systemic inflammation and influx of neutro-
phils into the lung, a hallmark of clinical ARDS (Abraham,
2003; Reutershan and Ley, 2004). The anti-inflammatory
effects of the PKCS-TAT inhibitory peptide were assessed by
determining MPO activity in lung homogenates from unoper-
ated (normal), sham surgery with IT instillation of 400 ul of
PBS vehicle, and CLP-operated rats who received IT delivery
of PBS vehicle or PKCS-TAT at doses of 50, 200, and 500 ug/kg
in 400 pl at the time of surgery (Table 3). At 24 hours
postsurgery, sham surgery induced a detectable low-grade
inflammatory response in the lung, as evidenced by a small
but significant increase in lung MPO compared with unoper-
ated rats (P < 0.05). CLP surgery induced a significant

TABLE 2

inflammatory response in the lung, as evidenced by a greater
than 3-fold increase in lung tissue MPO activity relative to
sham surgery (P < 0.001). All three doses of PKCS5-TAT
significantly reduced CLP-induced lung MPO activity (P <
0.01 vs. CLP + PBS for all three doses), but the 200-ug/kg dose
optimally inhibited sepsis-induced elevation of lung MPO
activity (P < 0.05 vs. 500 ug/kg). Thus, the PKCS-TAT peptide
inhibitor was effective in attenuating sepsis-induced pulmo-
nary inflammation over the concentration range used in the
biodistribution studies.

Pulmonary Cellular Distribution of TMR-PKCé-
TAT. The *°®Tc-PKCS-TAT studies demonstrated significant
lung retention of this peptide with IT delivery; however, this
method does not permit resolution of spatial variations, e.g.,
proximal versus distal lung distribution. A fluorescent-tagged
version of the peptide (TMR-PKCS-TAT) was used to visualize
the spatial distribution of the peptide in the lung following IT
delivery (Fig. 3). TMR-PKCS-TAT fluorescence in lung tissue
sections revealed widespread and relatively uniform peptide
distribution in the peripheral lung at 30 minutes postdelivery
(Fig. 3A). By contrast, we did not detect significant TMR-
PKCS-TAT fluorescence in the liver (Fig. 3B) and kidney (not
shown).

To identify peptide uptake in specific cell types, lung
sections were stained with antibodies against CD68 (pan-
macrophage marker; Fig. 3C), CD31 (endothelial marker;
Fig. 3, D and E), and Aq5 (type I alveolar epithelial cell
marker; Fig. 3F). Covisualization of TMR-PKCS-TAT and
CD68 revealed high levels of peptide uptake in pulmonary
macrophages (Fig. 3C), with >85% of CD68-positive cells
displaying TMR-PKCS-TAT colocalization. Covisualization of
CD31 and TMR-PKCS-TAT revealed robust uptake through-
out the endothelium in the peripheral lung (Fig. 3D). At
a higher magnification, CD31-positive endothelial cells in the
alveolar walls display TMR-PKCS-TAT-rich cytoplasm (Fig.
3D, inset), with the majority of CD31-positive cells colocalizing
TMR fluorescence (Fig. 3E). Covisualization of Aqg5 and TMR-
PKCS-TAT revealed peptide uptake in alveolar type I cells
(arrows in Fig. 3F); however, there is a substantial area of Aq5
staining without colocalized TMR fluorescence (Fig. 3F).

Intratracheal Delivery of PKC6-TAT Reduces Sepsis-
Induced Activation of PKCé in Lung Tissue. In addition
to cofactor regulation (i.e., diacylglycerol), PKCé activity is
also regulated by phosphorylation state, subcellular trans-
location, and cleavage (Steinberg, 2004, 2008). To establish
abaseline assessment of PKC§ expression in the lungs of sham
and CLP-operated animals, sections were stained with a pan-
PKC§ antibody, and ubiquitous expression of PKCS was
observed throughout the lung parenchyma and in the cellular
infiltrates induced by sepsis (Fig. 4A, top panels). PKCS
activation was first assessed by staining for pPKCéd311, an

Distribution of %™T¢-PKCS-TAT in pulmonary lobes following IT administration
Data are the percentage of total lung counts of *™Tc-PKCS-TAT in pulmonary lobes and are expressed as means + S.E.M.

(n = 4 rats/group).

Percentage of Total Lung Counts

PKCS-TAT Dose Left Lung  Cranial Lobe
50 pg/kg 30.4 + 5.3 59+ 2.5
500 pelkg 30.0 + 5.5 6.8 = 3.8

Median Lobe
14.8 = 2.9
144 = 39

Caudal Lobe
39.7 £ 3.0
46.1 = 6.3

Accessory Lobe
92+ 1.1
2.7 £ 0.5%

*P < 0.05.
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TABLE 3

PKCS inhibition attenuates pulmonary MPO activity in sepsis

MPO activity is shown for unoperated rats (normal), sham surgery with IT
instillation of 400 ul of PBS vehicle (sham), CLP surgery with IT instillation of
400 w1 PBS vehicle (CLP + vehicle), and CLP surgery with IT instillation of 50, 200,
and 500 pg/kg as indicated at the time of surgery. Tissue was harvested at 24 hours
postsurgery. Data are expressed as means = S.E.M. (n = 4 rats/group).

Conditions Myeloperoxidase Activity

units/g tissue

Normal 142 = 32
Sham 255 + 10.5%
CLP + vehicle (PBS) 82.7 + 13.1%%*
CLP + 50 ug PKCS-TAT/kg 55.9 + 9 3%
CLP + 200 ug PKCS5-TAT/kg 46.5 + 9.5%*
CLP + 500 ug PKC6-TAT/kg 62.5 + 9.7%%

*P < 0.05 versus normal; **P < 0.01 versus CLP + vehicle; ***P < 0.001 versus
sham.

activation site shown to be phosphorylated during inflamma-
tion and toxin-induced tissue injuries (Pabla et al., 2011; Wong
et al., 2011) (Fig. 4A, bottom panels), with a known role in
enzymatic cleavage (Steinberg, 2004, 2008). Low levels of
pPKC83,; staining were observed in sham-operated lungs
24 hours postsurgery (ratio = 0.02; Fig. 4B). In contrast,
24 hours post-CLP, there was a significant increase in PKC§
phosphorylation at tyrosine 311, approximately 10-fold over sham
(ratio = 0.18, P < 0.01; Fig. 4B), with intense staining observed
throughout the alveolar walls. IT delivery of 200 ug/kg PKCS§-
TAT significantly reduced sepsis-induced PKC6 phosphorylation

by 50% (ratio = 0.09, P < 0.05; Fig. 4B), with marked reduction in
alveolar wall cell staining.

Coimmunostaining for PKCS5 phosphorylation at tyrosine
155 (pPKC8155) with CD68 or rat endothelial cell antigen-1
allowed for assessment of PKCé activation status in
monocytes/macrophages and endothelial cells, respectively
(Fig. 5). Sepsis (CLP) induced robust phosphorylation of PKC§
at tyrosine 155 (Fig. 5, C and D), whereas virtually no
activation was observed in the lungs of sham-operated
animals (Fig. 5, A and B). At the cellular level, some costaining
of pPKCé8155 was observed in CD68-positive cells, indicating
low levels of PKCS activation in cells of the monocyte/
macrophage lineage; however, most CD68-positive cells did
not stain for pPKC§155 (Fig. 5C). By contrast, the majority of
endothelial cells expressing rat endothelial cell antigen-1 also
stained intensely for pPKCd8:55 (Fig. 5D). Similar to the
pattern of inhibition observed for phosphorylation of tyrosine
311, IT delivery of PKCS-TAT strongly inhibited tyrosine
155 phosphorylation (Fig. 5, E and F).

To further assess the inhibitory action of PKCS-TAT, we
assessed nuclear translocation and enzymatic cleavage of
PKC5é in lung tissue homogenates. Nuclear translocation has
been shown to be required for cytotoxic or proapoptotic
function (Humphries et al., 2008; Pabla et al., 2011). To
examine the impact of sepsis-induced inflammation on pul-
monary PKC4 nuclear translocation, subcellular fractionation
studies were carried out 24 hours after sham or CLP surgery.
Little PKCé was present in the nuclear fractions of

Fig. 3. Spatial and cell lineage—specific uptake of TMR-
PKCS-TAT in the lungs of normal (unoperated) animals
30 minutes following IT delivery of 400 ul of 200 ug/kg
TMR-PKCS-TAT. (A) Visualization of TMR-PKCS-TAT
uptake (red/orange fluorescence) throughout the airways,
vasculature, and peripheral parenchyma/stroma; 4’,6-
diamidino-2-phenylindole (blue) nuclear counterstaining;
scale bar = 100 um; original magnification = 100x. (Inset)
Cropped, enlarged view of area depicting TMR fluorescence
in interstitial regions of the distal parenchyma. (B) Absence
of TMR-PKCS-TAT uptake (no detectable red/orange fluo-
rescence) in a liver section from the same animal; 4’,6-
diamidino-2-phenylindole (blue) nuclear counterstaining;
scale bar = 100 wm; original magnification = 100x. (C-F)
Covisualization of cell lineage markers (green) with TMR-
PKCS-TAT (red/orange) in lung tissue sections. Yellow
pixels indicate spatial colocalization, e.g., peptide uptake
in cells expressing the labeled marker. (C) Covisualization
of CD68 immunostaining TMR-PKCS-TAT uptake to detect
peptide uptake in macrophages; scale bar = 50 um; original
magnification = 400 x. (Inset) Cropped and enlarged view of
spatial colocalization of TMR and CD68 in a single
macrophage. (D) CD31 immunostaining covisualized with
TMR-PKCS-TAT to detect peptide uptake in endothelial
cells; scale bar = 100 wm; original magnification = 100x.
(Inset) Cropped image from a separate field of view
illustrating peptide uptake in endothelial cells of the
alveolar walls; original magnification = 400x. (E) Higher
magnification of CD31 immunostaining and TMR-PKCs-
TAT colocalization; scale bar = 50 um; original magnifica-
tion = 400x. (F) Ag5 immunostaining covisualized with
TMR-PKCS-TAT uptake to detect uptake in type I alveolar
epithelial cells (yellow color, indicated by arrows); scale
bar = 50 um; original magnification = 400x.
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sham-operated lungs (Fig. 6A). In contrast, 24 hours post-CLP
surgery, nuclear levels of PKCS were significantly increased.
IT delivery of PKCS-TAT significantly reduced sepsis-induced
nuclear PKC$ translocation in the lung by greater than 50%
(Fig. 6A; P < 0.05).

During inflammation, caspase-mediated cleavage of PKCé&
may contribute to activity by removing the regulatory domain
from the kinase domain (Ghayur et al., 1996; Pabla et al.,
2011). As nuclear translocation is required for cleavage of
PKCé (DeVries-Seimon et al., 2007; Humphries et al., 2008),
we next examined the effect of sepsis on PKC6 cleavage in lung
tissue. Twenty-four hours post-CLP surgery, sepsis induced
significant cleavage of PKC§ in lung tissue as compared with
rats that underwent sham surgery alone (Fig. 6B). IT delivery
of 200 pg/kg PKCS-TAT significantly reduced sepsis-induced
PKCé cleavage in the lung by greater than 60% (Fig. 6B;
P < 0.05).

Intratracheal Delivery of PKC6-TAT Improves
Sepsis-Induced Decrease in Pulmonary Gas Exchange.
Significant impairment of lung function was observed in
septic animals who received IT PBS as compared with sham-
operated animals, as evidenced by a significant increase in the
alveolar to arterial oxygen pressure gradient (A-aDO,) 24
hours post-CLP surgery (Fig. 7TA). Sepsis-induced impairment
of gas exchange and arterial oxygenation associated with
increased intrapulmonary shunt was significantly reduced by
IT delivery of PKCS-TAT at the time of CLP surgery (Fig. 7A),
demonstrating that attenuation of acute lung inflammation by
this peptide is associated with improved pulmonary function.
Preservation of pulmonary gas exchange corresponds to
significant attenuation of early sepsis-induced histologic in-
direct lung injury at the 24 hours postsurgery time point

CLP + PKCS-TAT

Fig. 4. Immunohistochemical analysis of PKCS phosphor-
ylation at tyrosine 311 in lung tissue sections at 24 hours
postsurgery of sham-operated (Sham) animals (received
400 ul of PBS delivered IT) and CLP-operated animals that
received 200 pg/kg PKCS-TAT in 400 ul IT (CLP + PKCS-
TAT) or a similar volume of PBS vehicle only (CLP + PBS)
immediately following surgery, as described in Materials
and Methods. Original magnification = 400 x and scale bars =
50 um in all images. (A) Immunohistochemical detection
of PKCS and pPKCd3;; in lung tissue sections of sham
operation (left column of panels), CLP with IT delivery of
400 ul of PBS vehicle (middle column of panels), and CLP
with IT delivery of 200 ug/kg PKCS-TAT in 400 ul (right
column of panels). Positive signal for PKC§ (top row in A)
and pPKC83;; (bottom row in A) is seen as red fluorescence.
4’,6-Diamidino-2-phenylindole was used for nuclear coun-
terstaining (blue). (B) Ratio of pPKCd3;;-stained pixels to
pan/total PKCo6-stained pixels to represent activation
while accounting for increased cellularity and potential
changes in baseline PKC§ expression; n = 4 animals per
group, data were expressed as the mean = S.E.M. prior to
calculating the ratio; data are shown and statistically
analyzed based on a calculated average ratio for each
animal; *P < 0.05; **P < 0.01.

(Fig. 7B). IT delivery of PKCS-TAT significantly reduced
sepsis-induced inflammatory infiltrate, preserved alveolar
architecture and wall thickness, and reduced capillary con-
gestion and hemorrhage (Fig. 7B, bottom panels), as evidenced
by an approximately 50% reduction of scored values for
histologic lung injury parameters (Fig. 7B; P < 0.001 for
CLP + PKC&5-TAT vs. CLP + PBS).

Sepsis Progression Does Not Significantly Alter
Whole-Body %°™Tc-PKC6-TAT Biodistribution. Little is
known about the consequences of sepsis-induced lung in-
flammation and tissue damage in the biodistribution of
PKCS-TAT or similar peptides following IT administra-
tion. To address the effect of sepsis progression, 500 ug/kg
99m e PKCS-TAT was delivered IT at 24 hours following sham
or CLP surgery, when there is significant lung inflammation
and tissue damage in this rat model (Kilpatrick et al., 2011;
Mondrinos et al., 2014). Gamma camera imaging did not show
any gross qualitative difference in the distribution of the
peptide between sham- and CLP-operated animals (Fig. 8).
Quantification of %°®Tc-PKCS-TAT counts in individual
organs revealed similar relative distribution trends following
sham and CLP surgery, with no significant differences
compared with normal animals in organ-to-lung ratios of total
peptide uptake in blood, liver, and kidney (Table 4).

Sepsis-Induced Pathologic Progression Disrupts
Pulmonary Spatial Distribution. While there were no
significant differences in lung distribution of %°™Tc-PKCs-
TAT between sham- and CLP-operated animals at 24 hours
postsurgery, we hypothesized that spatial distribution, e.g.,
uniformity of penetration into the alveoli, may be altered by
sepsis progression. TMR-PKCS-TAT fluorescence was quanti-
fied in lung tissue sections following IT delivery in sham- and
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LP #PKCB-TAT,’

Fig. 5. Immunohistochemical analysis of pPKC8155 in lung tissue sections
at 24 hours postsurgery of sham-operated (Sham) (A and B) animals
(received 400 ul of PBS delivered IT) and CLP-operated animals that
received 200 ug/kg PKCS-TAT in 400 ul IT (CLP + PKCS-TAT) (E and F) or
a similar volume of PBS vehicle only (CLP + PBS) (C and D) immediately
following surgery, as described in Materials and Methods. All scale bars =
100 um. (A, C, and E) Immunohistochemical detection of PKC§
phosphorylation at tyrosine 155 in pulmonary monocytes/macrophages.
Double staining for CD68 (green) and pPKCd:55 (red); yellow/orange
indicates colocalization. (B, D, and F) Immunohistochemical detection of
PKC3 phosphorylation at tyrosine 155 in pulmonary endothelial cells.
Double staining for rat endothelial cell antigen-1 (RECA-1; green) and
pPKC3&155 (red); yellow/orange indicates colocalization.

CLP-operated animals that received TMR-PKC6S-TAT at 4, 8,
and 24 hours postsurgery. There were no significant differ-
ences in the peripheral distribution of TMR-PKCS-TAT in
sham surgery animals at 4, 8, and 24 hours postsurgery
(Fig. 9, A, E, and I) compared with unoperated controls
(Fig. 3A). At these time points, sham-operated animals had
similar lung architectures with minimal evidence of inflam-
mation (Fig. 9, B, F, and J). Spatial lung distribution of
TMR-PKCS-TAT delivered 4 hours post-CLP was similar to
sham-operated animals (Fig. 9C), whereas histopathology at
4 hours post-CLP demonstrates alveolar wall edema (thick-
ening) but little evidence of inflammatory infiltrate (Fig. 9D).

By contrast, when the peptide was administered 8 hours
post-CLP, a marked alteration in peripheral lung distribution
(Fig. 9G) was observed with a lack of uniform distribution in
alveolar wall cells of the distal lung parenchyma (Fig. 9G,
inset) compared with sham-operated animals (Fig. 9E, inset).
Histopathology at 8 hours post-CLP revealed appreciable
cellular infiltrate, the filling of some alveoli, and significant
loss of alveolar architecture (Fig. 9H). Spatial lung
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Fig. 6. PKC§ activation.(A) Pulmonary PKCS8 nuclear translocation in
sepsis. Targeted delivery of PKCS-TAT peptide inhibits sepsis-induced
nuclear translocation of PKCS§ in the lung. Lung tissue was harvested at
24 hours postsurgery of sham-operated (Sham) animals (received 400 ul of
PBS delivered IT) and CLP-operated animals that received 200 ug/kg
PKCS-TAT in 400 ul IT (CLP + PKCS-TAT) or a similar volume of PBS
vehicle only (CLP + PBS) immediately following surgery. Nuclear extracts
were prepared from lung tissue homogenates, as described in Materials
and Methods. Results are expressed as the mean = S EM. (n = 7-8) in
arbitrary densitometry units (ADU). *P < 0.05, sham versus CLP + PBS;
**P < 0.05, CLP + PBS versus CLP + PKCS5-TAT. Representative Western
blot of PKCé in nuclear extracts and HDAC-2 as a marker for nuclear
fractions.(B) Sepsis induced pulmonary proteolytic cleavage of PKCd.
Targeted delivery of PKCS-TAT peptide inhibits sepsis-induced pro-
teolytic cleavage of PKCS in the lung. Lung tissue was harvested at
24 hours postsurgery of sham-operated (Sham) animals (received 400 ul of
PBS delivered IT) and CLP-operated animals that received 200 ug/kg
PKCS-TAT in 400 ul IT (CLP + PKCS-TAT) or a similar volume of PBS
vehicle only (CLP + PBS) immediately following surgery. Lysates were
prepared from lung tissue, as described in Materials and Methods, and
full-length and cleaved PKC§ were identified by Western blotting. Results
are expressed as the mean * S.E.M. (n = 5-6) in arbitrary densitometry
units. *P < 0.05, sham versus CLP + PBS; **P < 0.05, CLP + PBS versus
CLP + PKCS-TAT. Representative Western blot of total and cleaved
(catalytic domain) PKCS. B-Actin was used as a marker for equal protein
loading.

distribution of TMR-PKCS-TAT was reduced by 75% in CLP-
operated versus sham-operated animals that received peptide
IT at 8 hours postsurgery (Fig. 9M; P < 0.001). At 24 hours
post-CLP surgery, minimal peptide was observed in the lung
parenchyma beyond large airways (Fig. 9K, arrows). Histopa-
thology at 24 hours revealed destruction of alveolar wall
architecture and dense inflammatory infiltrate (Fig. 9L).
Spatial distribution of TMR-PKCS-TAT was reduced by 90%
in CLP-operated versus sham-operated animals that received
peptide IT at 24-hours postsurgery (Fig. 9M; P < 0.001). These



94 Mondrinos et al.

A Pulmonary Gas Exchange

— 350 - * * ¥

=T}

T 300 -

E 250 A

E 200 A I

™~ 150 o ]

O

D 100 +

T 5

< 0

Sham CLP+PBS CLP+PKCS
B . Lung Injury Score
* % k * %k %

CLP +PBS CLP + PKCS-TAT

Fig. 7. Alterations in gas exchange during sepsis-induced indirect lung
injury: protective effects of PKCS-TAT. (A) Intratracheal delivery of PKC§-
TAT peptide attenuated sepsis-induced increase in intrapulmonary shunt.
The A-aDO, gradient was measured 24 hours postsurgery in sham-
operated (Sham) animals (received 400 ul of PBS delivered IT) and
CLP-operated animals that received 200 ug/kg PKCS-TAT in 400 wl IT
(CLP + PKCS-TAT) or a similar volume of PBS vehicle only (CLP + PBS)
immediately following surgery. Results are expressed as the mean *
S.E.M. *P < 0.05, sham versus CLP + PBS; **P < 0.05, CLP + PBS versus
CLP + PKCS-TAT. (B) Intratracheal delivery of PKCS-TAT attenuated
histologic changes associated with CLP-induced indirect lung injury.
Lung tissue was harvested at 24 hours postsurgery from animals in the
sham, CLP + PBS, and CLP + PKC6-TAT groups as described in (A). Lung
injury was scored based on congestion, edema, leukocyte infiltration, and
alveolar wall thickness, as described in Materials and Methods. H&E
staining of representative lung tissues from each experimental group
(400x magnification). Results are expressed as means = SEM. (n = 9
rats/group). *#**P < 0.001 for bracketed comparisons.

results indicate that progression of sepsis pathology signifi-
cantly alters the spatial distribution of TMR-PKCS-TAT with
little peptide reaching the peripheral lung.

Effect of Delayed Administration of the PKC4s-TAT
Inhibitor on Anti-inflammatory Activity in Sepsis. To
investigate whether observed preservation of peptide pulmo-
nary spatial distribution during the early time course of sepsis
progression (0—4 hours post-CLP) facilitates conservation of
an anti-inflammatory effect, the effect of delayed delivery of
PKCS-TAT (0, 4, and 8 hours post-CLP) on sepsis-induced
increases in MPO activity was determined 24 hours post-CLP.
When the peptide was administered at 0 or 4 hours post-CLP
surgery, lung MPO activity levels (at 24 hours post-CLP) were
significantly reduced compared with CLP-operated animals
that received PBS vehicle (Fig. 10; P < 0.01 for 0 hours, P <
0.05 for 4 hours). By contrast, when the peptide was admin-
istered at 8 hours post-CLP surgery, there was a loss of PKC§-
TAT efficacy, and there were no significant differences in lung
MPO levels compared with animals that received PBS vehicle.

Sham surgery CLP surgery

Fig. 8. Comparison of global **™Tc-PKCS-TAT biodistribution 30 minutes
following IT delivery of 500 ug/kg in 400 ul at 24 hours after sham surgery
and CLP surgery. Gamma camera images. *>™Tc signal is seen as black in
panels. Approximate outlines of the rat bodies are shown as a lined
perimeter.

Discussion

Anti-inflammatory protection of the lung during a systemic
inflammatory response may improve the clinical management
of indirect lung injury, such as that driven by sepsis-induced
acute lung inflammation. Previously, we demonstrated that
selectively inhibiting pulmonary PKCS with a PKCS-TAT
inhibitory peptide decreased lung inflammation and prevented
loss of alveolar architecture elicited by the systemic inflamma-
tory response in an experimental model of polymicrobial
abdominal sepsis (cecal ligation and puncture) (Kilpatrick et al.,
2011; Mondrinos et al., 2014). The necessity of TAT conjugation
for delivery of this PKCS inhibitory peptide and other peptide
cargos to tissues in vivo has been reported (Begley et al., 2004),
but little is known regarding patterns of biodistribution
following IT delivery of this or similar peptides. In the current
study, we demonstrate that IT delivery dramatically enhances
lung uptake and retention of this PKCS-TAT peptide compared
with systemic i.v. delivery with the same dose parameters (Fig.
1) and facilitates highly selective dosing of the lung (>65% ID)
relative to distant organs (<5% ID in organs such as liver and
kidney) (Fig. 1; Table 1). By contrast, i.v. delivery of the PKC§-
TAT inhibitory peptide resulted in diffuse uptake throughout
the body, in line with previous studies that demonstrated
nonspecific uptake into multiple organs, including heart, lung,
and liver, when this peptide is delivered i.p. (Begley et al., 2004;
Ramnath et al., 2010).

IT peptide delivery achieved reproducible spatial distribution
throughout the major lung lobes (Table 2) and delivery to the
peripheral lung parenchyma with peptide uptake in relevant
cell types, including macrophages, endothelial cells, and type I
alveolar epithelial cells (Fig. 3). Peptide delivery to the
endothelium is critical, as the pulmonary endothelia are the
first cells in the lung to encounter systemic proinflammatory
mediators, pathogen-associated molecular patterns (PAMPS)
and circulating pathogens, making them the frontline inflam-
matory responders during the early stages of indirect pulmo-
nary injury. Furthermore, endothelial cell inflammation
regulates neutrophil recruitment, i.e., chemokine and adhesion
molecule expression, and increased permeability leading to
pulmonary edema (Orfanos et al., 2004; Mondrinos et al., 2014).

PKCS is regulated by tyrosine phosphorylation patterns on
multiple sites which determine activation, localization, and
substrate specificity (Steinberg, 2004, 2008; Qvit and Mochly-
Rosen, 2014). We found that indirect lung injury resulting
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TABLE 4

Effect of sepsis on %™Tc-PKCS-TAT organ biodistribution

Data are the similar relative *™Tc-PKCS-TAT organ biodistribution trends for IT
delivery in normal (unoperated), sham-operated, and CLP-operated (24 hours
postsurgery) animals. Organ-to-lung ratio = %ID organ/%ID lung.

Organ-to-Lung Ratio

Organ
Normal 24 Hours Postsham 24 Hours Post-CLP
Lung 1 1 1
Blood 0.07 0.04 0.06
Liver 0.03 0.02 0.02
Kidney 0.02 0.03 0.03

from CLP induced robust phosphorylation of PKC$ at tyrosine
311 throughout the distal lung (Fiig. 4), consistent with reports
of tyrosine 311 as a critical PKCS phosphorylation site in the
context of vascular inflammation (Wong et al., 2011), oxi-
dative stress—induced apoptosis in dopaminergic neurons
(Saminathan et al., 2011), and CD11b-mediated signaling in
monocytes (Xue et al., 2010). Sepsis also induced widespread
PKCS tyrosine 155 phosphorylation in lung tissue (Fig. 5). In
support of the hypothesis that endothelial cells are a critical
target for treating indirect lung injury, endothelial cells were
the primary cell type exhibiting tyrosine 155 phosphorylation
as evidenced by immunohistochemical colocalization (Fig. 5).
IT delivery of PKCS-TAT significantly reduced phosphoryla-
tion of PKCéd at both tyrosine 311 and tyrosine 155 to levels
comparable with sham-operated controls (Figs. 4 and 5),
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demonstrating that this inhibitory peptide inhibits PKCé
phosphorylation at multiple sites known to be required for
proinflammatory activation.

Phosphorylation of PKCé at tyrosine 155 and tyrosine 311
has been associated with nuclear translocation and enzyme
cleavage in other cell systems (Humphries et al., 2008; Pabla
et al., 2011; Zhao et al., 2012). CLP surgery induced PKCé
nuclear translocation and enzyme cleavage in the lungs of
septic animals (Fig. 6). We found that IT delivery of the PKC§-
TAT peptide inhibitor attenuates sepsis-induced nuclear
translocation and PKCé cleavage in lung tissue homogenates
(Fig. 6), suggesting that beneficial effects of the peptide are
related to biochemical inhibition of this PKCé activation
mechanism. Nuclear translocation of PKCS is critical for the
initiation of cytotoxic or proapoptotic signaling (Humphries
et al., 2008; Pabla et al., 2011), and inhibition of PKCS8 nuclear
translocation was reported to be cytoprotective following
ischemia-reperfusion (Kostyak et al., 2006), focal cerebral
ischemia (Shimohata et al., 2007), and radiation damage
(Wie et al., 2014). Nuclear translocation is required for
cleavage of PKCS, which may increase PKC§ activity by
removal of the regulatory domain (Okhrimenko et al., 2005).
Cleavage of PKC$ has been reported following vascular injury
(Yamanouchi et al., 2010), stroke (Shimohata et al., 2007), and
cisplatin nephrotoxicity (Humphries et al., 2008; Pabla et al.,
2011). Thus, the results of these studies are the first to
demonstrate that indirect lung injury in an experimental
model of sepsis induces pulmonary PKC§ tyrosine

Fig. 9. Impact of sham and CLP surgery on spatial
distribution of TMR-PKCS-TAT when delivered at 4, 8, or
24 hours postsurgery. Visualization of TMR-PKCS-TAT
(red/orange fluorescence) localization in lung tissue sec-
tions. Tissue samples were harvested 30 minutes following
IT delivery of TMR-PKCS-TAT in 400 ul. Scale bars =
100 um, original magnification = 100x for all fluorescent
micrographs; scale bars = 50 um, original magnification =
400x for all bright field micrographs. (A) TMR-PKCS-TAT
localization 4 hours postsham. (B) H&E staining 4 hours
postsham. (C) TMR-PKCS-TAT localization 4 hours post-
CLP. (D) H&E staining 4 hours post-CLP. (E) TMR-PKCé6-
TAT localization 8 hours postsham. (F) H&E staining
8 hours postsham. (G) TMR-PKCS-TAT localization 8 hours
post-CLP. (H) H&E staining 8 hours post-CLP. (I) TMR-
PKCS-TAT localization 24 hours postsham. (J) H&E
staining 24 hours postsham. (K) TMR-PKCS-TAT localiza-
tion 24 hours post-CLP. (L) H&E staining 24 hours post-
CLP. (M) Quantification of normalized TMR-positive pixel
area in conditions shown in panels (A)—(F). Sham values
were set equal to 1. Data were expressed as means = S.E.M.
prior to normalization (n = 4 rats/group, at least 80 fields
analyzed/group); **P < 0.01; ***P < 0.001.
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Fig. 10. MPO activity 24 hours post-CLP surgery is shown for CLP-
operated rats that received PBS vehicle (400 ul) IT (gray bars) and CLP-
operated rats that received 200 pg/kg in 400 ul IT (black bars) at 0 hours
(immediately following surgery), 4 hours post-CLP, and 8 hours post-CLP.
Data are expressed as means = S.E.M. (n = at least 4 rats/group); *P <
0.05; **P < 0.01. Statistical significance is indicated for comparison with
CLP + vehicle at the same time point.

phosphorylation, nuclear translocation, and enzyme cleavage,
all of which were significantly attenuated by IT delivery of the
PKCS-TAT peptide.

Connecting effective spatial distribution of the PKC5-TAT
inhibitory peptide and biochemical inhibition of PKCS§ activity
in the lung with anti-inflammatory efficacy, we demonstrate
reduction of MPO activity levels in lung tissue (Table 3),
consistent with our previous immunohistochemical studies
demonstrating attenuation of adhesion molecule expression in
the pulmonary endothelium and reduced influx of neutrophils
to the lung in this sepsis model (Kilpatrick et al., 2011,
Mondrinos et al., 2014). The current study builds upon
cumulative evidence of anti-inflammatory efficacy to demon-
strate for the first time that attenuating PKC$ activation,
specifically via IT delivery of the PKCS-TAT inhibitory peptide
in this case, preserves pulmonary gas exchange function
compromised by sepsis-induced indirect lung injury (Fig. 7).
Significant reduction of sepsis-induced increases in A-aDOs
would conventionally be associated with reduction of intra-
pulmonary shunt, and is consistent with our previous data
demonstrating reduction of pulmonary edema (Kilpatrick
et al.,, 2011). Furthermore, IT administration of the PKC§
inhibitor protected the lung from sepsis-induced pulmonary
histopathological changes (Fig. 7). The histopathological
profiles are consistent with preserved parenchymal and
alveolar-capillary interface. Taken together, these findings
provide preclinical evidence that inhibition of pulmonary
PKCé activity may be of therapeutic benefit in the setting of
systemic inflammation.

An important question in critical care is how the progression
of conditions such as sepsis influences organ-specific biodis-
tribution and, consequently, the efficacy of administered
therapeutics. There is a lag time between initiation of indirect
pulmonary injury and lung neutrophil influx that causes
tissue injury (Bhatia and Moochhala, 2004). This lag period,
dependent on type and severity of injury, may offer a thera-
peutic window in which treatment could be initiated to stop
the progression of indirect lung injury. In the present study,

we show experimental evidence of a therapeutic window by
demonstrating that reduction of lung MPO activity with IT
delivery of PKCS-TAT at 4 hours post-CLP is similar to the
level of lung MPO reduction observed with delivery at the time
of sepsis induction (Fig. 10). The CLP model of sepsis used in
this study is highly lethal, with a mortality of approximately
70% at 48 hours and animals becoming severely ill within
8 hours of the CLP procedure (Weiss et al., 2000, 2002).
Preservation of efficacy with delivery at 4 hours after sepsis
induction correlated with a preservation of lung architecture
and spatial peptide distribution comparable to sham-operated
controls (Fig. 9).

Although the degree to which anti-inflammatory efficacy is
dependent on peptide spatial distribution cannot be elucidated
based on the current data, our observations are relevant to time
dependency of delivery in this disease model. The inability of
PKCS-TAT to reduce CLP-induced lung MPO activity levels
when delivered at 8 hours post-CLP (Fig. 10) corresponded to
a disruption of lung architecture and reduced PKCS-TAT peptide
spatial distribution in the peripheral lung (Fig. 9). Sepsis-
induced increases in lung permeability and the development of
pulmonary edema may interfere with transport processes that
affect peptide distribution and cellular uptake in the lung. In
addition, the presence of macrophage and neutrophil-derived
proteases may promote cleavage and peptide degradation
(Brehm et al., 2014), which is further exacerbated by possible
disruption of the antiprotease balance following CLP surgery
(Cryan, 2005). These findings are in agreement with other
studies which demonstrated a clear relationship between path-
ologic changes in tissue and organ architecture associated with
pathogen-mediated immune responses and impaired therapeutic
biodistribution (Barbosa et al., 2009).

In summary, utilizing a combination of radiolabeling and
fluorescent-tagging approaches to analyze organ and cellular
biodistribution of a PKCS-TAT peptide inhibitor, we demon-
strate highly selective lung targeting and relative uniformity
of peptide spatial distribution in the lung following IT de-
livery. Sepsis induced significant pulmonary activation of
PKCS§ as assessed by tyrosine 155 and 311 phosphorylation,
nuclear PKC$ translocation, and enzyme cleavage, which was
attenuated by the PKCS-TAT peptide, indicating functional
efficacy of the peptide inhibitor delivered by the IT route.
Functional studies demonstrate that the inhibitor was lung-
protective and reduced sepsis-induced neutrophil influx
(MPO) into the lung and preserved lung function and gas
exchange. Although our study suggests that targeted inhibi-
tion of PKCS8 may offer an attractive therapeutic option for the
treatment of sepsis-induced acute lung injury, further studies
are required to determine 1) the protective effects of this
inhibitor at longer time points, 2) the effect of multiple dosing
over the course of development of the sepsis pathology, and
3) whether such a treatment program with this inhibitor offers
a survival benefit.
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